We explore the electronic and related properties of Cu2MnAl1−xGax with a first-principles, relativistic multiscattering Green function approach. We discuss our results in relation to existing experimental data and show that the electron-core hole interaction is essential for the description of the optical spectra especially in describing the X-ray absorption and magnetic circular dichroism spectra at the L2,3 edges of Cu and Mn.
I. INTRODUCTION
The Heusler compounds are increasingly being explored for diverse modern device applications due to their fascinating properties not limited to martensitic phase transformations, half-metallicity, inverse magnetocaloric effect, magnetic shape memory, thermoelectric capabilities, and high Curie temperature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The origin of the multi-properties has been ascribed to chemical ordering, crystal field splitting, electron correlation, exchange-coupling, and the dbandwidth 3 . Doping these compounds catalyzes an atomistic coupling that gives rise to high charge carriers, giant magnetooptical (Zeeman) effect, and magnetotransport properties, essential for multifunctional device applications 18, 19 . For e.g., high Curie temperatures ∼840 K and 1100 K has been reported in Fe 3 S/GaAs hybrid structure 20 and Co 2 FeSi 21 , respectively. Experimental insight into the atomistic scale of these materials can be achieved using magneto-optical spectroscopy, e.g, the X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) [22] [23] [24] [25] , which provide direct fingerprint of the local spin and orbital magnetic moments of transition metals in the case of the L 2,3 absorption edges. Computational techniques employing the varying degree of theoretical complexity to compute the XAS and XMCD [26] [27] [28] [29] [30] has recently become possible.
The properties of materials can be tuned across the electromagnetic spectra via defect-engineering. Doping plays a crucial role in modulating the charge carriers, which in turn can control, e.g., the Curie temperature 18 and the magnetic anisotropy 19 in field effect devices. Unlike other transition metal-based Heusler compounds, Cu 2 MnAl is unique as it deviates from the Slater-Pauling rule 31, 32 . Their complicated magnetic structure could be attributed to Friedel oscillations produced by a potential scattering, which induces indirect exchange interaction among the magnetic atoms that strongly depends on the conduction electron concentration 33 (herein Ga). Also, due to the small distance between the Mn and Cu atoms, there is considerable overlap of the 3d wavefunctions (direct exchange). An intricate coupling of two or more of these effects can induce ferromagnetism, Pauli paramagnetism, helimagnetism, antiferromagnetism, or heavyfermion behavior in full-Heusler alloys 3, [34] [35] [36] . In the case of Cu 2 MnAl, it orders ferromagnetically with L2 1 -type structure, a Curie temperature T C ∼603 K, and a rather large magnetic moment ∼3.30 µ B 37,38 . Further, Cu 2 MnAl is considered to be an ultra flexible system for studying the effect of doping on the magnetic properties. An sp-electron concentration can be used to explore the variation of localized moment at 3d orbital and magnetic properties.
The effect of disorder in Cu 2 MnAl due to partial replacement by impurity atoms at various sites have been studied [39] [40] [41] . Singh et al 42 in their experimental work, reported that an increase in Ga concentration at Al site gives rise to γ-Cu 9 Al 4 and Cu 2 MnAl phases. The authors also reported that an annealed Cu 50 Mn 25 Al 25−x Ga x (x = 0,8) at 903 K for 30 h leads to a β-Mn and γ-Cu 9 Al 4 phases. However, we are not aware of any complementary first-principles computational study of the effect of Ga doping at Al site. In particular, herein, we investigate the fundamental relation of the physical ordering on the electronic and the magnetic properties of Cu 2 MnAl 1−x Ga x using a first-principles, relativistic multiple scattering Green function approach by computing the XAS and XMCD at the L 2,3 edges of Cu and Mn, respectively.
II. COMPUTATIONAL DETAILS
Cu 2 MnAl is a prototype full-Heusler alloy crystallizing in the L2 1 structure 43 with space group F m3m. The unit cell consists of four interpenetrating face-centered-cubic sublattices with the Wyckoff positions as indicated between parentheses: Cu1: (1/4,1/4,1/4), Cu2: (3/4,3/4,3/4), Mn: (1/2,1/2,1/2), and Al: (0,0,0). We used a well-converged basis set with dense Brillouin zone sampling, which are needed for the absorption properties. For this purpose, we used a uniform 30 × 30 × 30 Monkhorst-pack grid. We used the full-potential linearized augmented planewave as implemented in the spinpolarized, relativistic Korringa-Kohn-Rostoker (SPR-KKR) 44 within the density functional theory (DFT) 45 using the generalized gradient approximation of Perdew-Burke-Ernzerhof 46 to treat the electron exchange-correlation. The relativistic effect is taken into account via scalar relativistic approximation and the disorder incorporated by randomly substituting arXiv:1707.04743v2 [cond-mat.dis-nn] 8 Oct 2017
Ga atoms at Al sites using the site occupancy of the dopant atom. We neglect the lattice distortion due to addition of impurity and use the lattice constant a=5.957 (Å), which is obtained from our previous work 37 . We carefully checked the convergence of our results on various computational parameters, such as energy cutoffs and Brillouin zone sampling. We estimated the strength of the magnetic interaction by calculating the exchange coupling constants J ij between two atoms at i and j sites as a function of distance given by
as implemented within the classical Heisenberg model 47 , where
↑↓ is the atomic t-matrix of the magnetic impurities at site i for the spin up/down states,T ij ↑↓ is the scattering path operator between ij sites for the spin up/down states, and T r L is the trace over the orbital variables. Then, by using mean field approximation, a Curie temperature (T C ) can be estimated as
where x is the concentration of impurity, s j is the average j component of the unit vector s j r in the direction of the magnetic moment at site (j, r), and k B is the Boltzmann constant. The calculated value of T C from MFA is always overestimated as compared to experimental one, due to the insufficient description of the magnetic percolation effect 48, 49 .
III. RESULT AND DISCUSSION

A. Electronic and magnetic properties
We show in Fig. 1 the total density of states of Cu 2 MnAl 1−x Ga x at various Ga defect concentration and spin configurations. For the pristine case (x = 0), the majority of the valence bands are from Mn−d whereas that of the conduction bands emanate predominantly from Cu−d states. Our calculations show that the Al-sp states are fully localized and mostly contributed in the valence region. We also find a degenerated d-orbital: d − e g (d z 2 +d x 2 −y 2 ) and d − t 2g (d xy +d yz +d zx ) in agreement with previous work 37 . In a typical X 2 YZ-type full-Heusler alloy compound, the formation of energy band gap has been attributed to a hybridization between the d−d orbitals of the transition metals 16 . However, in Cu 2 MnAl, the Cu−d orbital is completely occupied (Cu−d 10 ) and localized below the Fermi energy E F . Therefore, Cu−d does not take part in the d − d hybridization with Mn−d orbital to give rise to bonding and anti-bonding states. As a result, there is no band gap at E F in both the spin channels.
As we vary the concentration of Ga doping concentration [c.f. Fig. 1(a-f) ], we observe that the Cu-d states are fully occupied and shifted in the valence region with a negligible magnetic moment ∼ 0.046 µ B . This rather small magnetic moment depicts that Cu is non-ferromagnetic in 50 . Analyzing the projected density of states further for the various Ga doping in the Al site [c.f. Fig.1(a-f) ], we observe overall nontrivial shifting of the d-states towards lower energy leading to the widening of the Mn-d eg and Mn-d t2g in energy scale. This trend enhances the exchange splitting and hence the magnetic moment (c.f. Table I ). This trend seems to support the idea that in disordered A2-structure, Mn bondingantibonding interactions undergo strong antiferromagnetic direction exchange interaction in Cu 2 MnAl 32 .
To gain deeper insight into the role of Ga doping on the magnetic properties of Cu 2 MnAl 1−x Ga x (x =0.0 and 1.0), we show in Fig. 2(a-d) the exchange coupling constant J ij as a function of the distance between two atoms obtained using Eq. 1. At small interatomic distances, we observe strong J ij , which decays exponentially as the distance between the atoms increases (c.f. Fig 2) . We attribute this to the rather exponentially decay of the wavefunction associated with deeper states in the spectra. The high value of short-ranged interactions is a signature of promising functional properties such as Curie temperature, electric conductivity, and magnon dispersion. As evident from Fig. 2 (a-d) , the neighbors interacting with Mn atom lead to higher J ij . In all cases, the Mn-Mn interaction is the strongest with a maximum value of J ij in short-range and fluctuates at an average range. We attribute this high value of J ij to the active participation of delocalized Mn-d electrons. Observe that the J ij is smallest for x = 1. This is in agreement with earlier results, which show that J ij decreases in disordered Fe(V,Mn)Sb, with an increase in impurity concentration, a fingerprint of a ferromagnetic system due to weak superexchange interaction 51 .
We show in Fig.3 (a) the electrical conductivity σ and resistivity R of Cu 2 MnAl 1−x Ga x as obtained with the multiscattering Green function method. As the doping concentration of Ga increases, σ decreases rather exponentially up to x ∼ 0.20 and remained rather flat between 0.20 ≤ x ≤ 0.60 before gradually increasing till x = 1.0. In the resistivity, we observed opposite effect, but at the intermediate doping concentration, there is an apparent maximum occurring at x ∼ 0.4, which is masked in the conductivity data. Hence, one can conclude that Cu 2 MnAl 1−x Ga x has a maximum disorder at this optimal doping concentration. We further show in Fig.3(b) the variation of T C with Ga doping concentration calculated within our mean-field approximation. At the Ga-deficit limit (Cu 2 MnAl), T C ∼ 798 K then decreased almost exponentially to T C ∼ 49 K at 0.2 Ga doping concentration before systematically increasing rather monotonically to T C ∼ 810 K at the Ga-rich phase. We attribute the initial decrease of the T C at low Ga-doping to be due to the sp-defect states inducing antiferromagnetic coupling between the Mn-sites, which weakens the overall ferromagnetic exchange interaction in the system. The ferromagnetic exchange interaction, however, dominated as the concentration of the Ga-atom increased as evident from the systematic increase of the T C from x = 0.2 to x = 1.0 [c.f. Fig. 3(b) ]. We note, however, that our calculated T C values are higher than the experimental value T C ∼ 630 K 38 . We attribute this discrepancy to the lack of magnetic percolation effect 48, 49, 51 that is missing in our approximation. Even at this, magnitude-wise, the rather high T C -value is a fingerprint that Cu 2 MnAl 1−x Ga x could be a suitable candidate for making technological devices for high-temperature applications.
B. X-ray Absorption Spectra and X-ray Magnetic Circular Dichroism
There are several theoretical methods to compute the X-ray absorption spectroscopy and X-ray magnetic circular dichro- ism spectra depending on the electronic signature of the material. For instance, the electron multiple scattering method 26, 27 , the configuration interaction approach, which is mostly used for metallic systems 28 , and the sum rules and multipolemoment techniques that are most suitable for heavier 3d elements 29, 30 . In our calculations, we adopted the sum rule approach within the framework of spin density functional theory. In Fig. 4 , we show the XAS and XMCD spectra of Cu and Mn at L 2,3 edges of Cu 2 MnAl 1−x Ga x (x =0.0 and 1.0) obtained as described above at zero applied field. Observe from Fig. 4 that the X-ray absorption spectroscopy of Mn atoms is sharper with higher intensity as compared to that of the Cu atoms. In particular, the ratio of the intensities of the X-ray absorption between L 3 and L 2 edges in Mn is 2.4:1.0 while the ratio of the L 3 and L 2 edges of the X-ray absorption in Cu is 1.78:10, leading to a deviation of the branching ratio of 2:1 obtained from single-particle theory 30, 52 . This discrepancy could be due to the lack of electron core-hole Coulomb and exchange correlations. As reported earlier, the 3d-Mn with nearly empty states gives strong L 2,3 absorption peaks due to strong photon-electron and core-hole interactions 50 . In the X-ray absorption spectroscopy spectra of Cu, we observed three prominent peaks denoted by 1, 2, and 3 at 1.0, 4.5, and 21.0 eV, respectively. We attribute peaks 1 and 2 in the XAS to the L 3 and peak 3 to the L 2 edges. An ultraviolet photoemission spectroscopy measurement reported a maximum peak at ∼3.2 eV in the absorption edge, dominated mainly by Cu-3d states 53 . The X-ray magnetic circular dichroism spectrum of Cu at the L 2,3 edges consists of a negative peak at 1.0 eV, two positive peaks at 4.5 eV and 21.0 eV, followed by a small negative peak at 25.0 eV (c.f. Fig.4) .
Comparing the peaks of the X-ray absorption spectroscopy with the corresponding d-character of the density of states of Cu/Mn, we confirm a strong hybridization with the nearest Mn atoms. Most of the d-electrons of Cu atoms are localized as such, their contribution to the XAS is negligible in comparison to that of the Mn-d orbitals. Hence, the Mn-d states play a vital role in the formation of the XMCD spectrum due to their relatively large spin and orbital moments. We note that our results are in qualitative agreement with the experimentally measured XMCD spectrum at Cu/Mn L 2,3 edges 50,54 . The first sharp peak denoted by 1 is due to transitions to the minority (↓) spin t 2g /e g states of Cu/Mn atoms that form a small peak in the density of states at ∼1.0 eV above the Fermi level [c.f. Fig. 1(a) ]. As shown in Fig.4 (b) the next shoulder after peak 1 at 2.0 eV is due to the hybridization between Cu(↓)-s, Cu(↓)-d and Al(↓)-p states. A peak 2 at 3.5 eV is a result of an overlap between Cu(↓) and Al(↓) states.
IV. CONCLUSION
The electronic structure and X-ray spectra of Cu 2 MnAl 1x Ga x have been studied using a first-principles, relativistic multiscattering Green function technique. We have analyzed the variation of the partial magnetic moment with an sp-electron doping at Al sites. Our calculations show that as the concentration of Ga doping increases, the exchange splitting on the Mn-site is enhanced, a signature of possible antiferromagnetic direct exchange. Our resistivity data show that the dopant has the maximum effect at the doping concentration x 0.4. In relation to the exchange coupling, we estimate the Curie temperature within a mean field approximation. The TC initially decreased to 49 K at 0.2 Ga-doping concentration before systematically increasing to a maximum value of 810 K at the Ga-rich phase. We attributed this to the weakening of the ferromagnetic exchange interactions due to the induced antiferromagnetic coupling by the sp-defect states between the Mn-sites. Overall, the calculated T C is overestimated as compared to experimental value due to the lack of magnetic percolation effect. However, the rather high T C -value is a signature that Cu 2 MnAl 1x Ga x could be a suitable candidate for making technological devices for high-temperature applications. The XAS and XMCD spectra are calculated at the Cu and Mn sites for both Cu 2 MnAl and Cu 2 MnGa phases, which are in qualitative agreement with the experimental ones. 
